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SMOOTH-SURFACE TUBES AND GAS TEMPERATURES TO 2000° F

By George R. Kinney

SUMMARY

An investigation of liquid-£ilm cooling was conducted In 2- and
4-inch-dlameter straight tubes having honed immer surfaces with elr
flows et temperstures from 800° to 2000° F and diemeter Reynolds numbers
from 220,000 to 1,100,000. The film coolant, weter, was injected at a
single axlal position on the tube at flow rates from 0.02 to 0.24 pound
per ;econd per foot of tube circumference (0.8 to 12 percent of the alr
flow).

Correlation was obtalned for heabt-transfer from the hot air to the
ligquid-cooling film wlth the 2- and 4-inch-dlameter smooth-surface tubes
end was the same as was found in a previous lnvestigation with s 4-inch-
dlemeter rough-surface tube. Heat-transfer coefficlents were about
20 percent lower with the smooth-surfece tubes than with the rough-
surface tube.

Effectiveness of the coolant was decreased by coolant-film distur-
bances in a 2-inch-diemeter tube, as was found In & previous investiga-
tion in a 4-inch-dlameter tube. The spproximate coolent flow ebove
which reduced cooling effectlveness resulted was predicted by a method
developed in a previous lnvestigation.

All film~-cooling date obbtalned with smooth-surface tubes were gen-
eralized by mesns of heat-tramnsfer correletlion and deta obtalned over
a range of coolant flows. This generslizetlion of data facllitates the
estimation of the flow of coolant requlred to film cool & tube for a
desired length, over a wlde range of conditions, when the temperature
end flow of the hot gas are known.

INTRODUCTION

Combustlion chambers and ducts which are subJected to extremely high
heat transfer from flowing hot gases may be difficult to cool by clrcu-
letion of a fluld over the outer walls. Internal-film coolling, wherein
a coolant £1lm is formed between the hot gases and the duct wall to
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meintain the well et low tempereture, may be used In such cases. The
effectiveness of liquid-film cooling In reducing heat transfer to rocket
nozzles and combustion chambers 1s described in references 1 and 2.
Investigatlions concerned with estahllishing liquid-cooling films for
rocket englnes are described in referencee 3 and 4; and reference 4
sumerizes work on rocket heat transfer, swest cooling, end film

cooling.

A general investligatlion of internsl-liquid-film cooling is being
conducted at the NACA Lewls laborastory to obtaln correlation of experi-
mental data thet willl allow predictions of film-coolant requirements
for specific cooling problems. Omne phase of the fundamental investige-
tion involves film-cooling experiments with hot-alr flows &t tempers-
tures to 2000° F to determine the cooling effectiveness of water films
on the Immer surfeces of stralght tubes. Correlation was obtained for
heat transfer between flowing hot air and liquid filme over a range of
alr flow and temperature for constent coolant flows wlth a 4-inch-
diemeter straight tube (reference 5). The relation between liquid-
cooled area and coolant flow for glven ges-streem conditions was non-
linear; the effectiveness of a given amount of coolent decreased with
Increased coolant flow. Heat-transfer correletions obtained were
therefore dependent upon coolant flow. Reference 6 describes a visusl
Investigaticn of liquld filme on the inner surfaces of straight tubes
In co-current flow with elr. This Investigation showed that ss liquid
flow per circumferentiel length of tube incresses the liguld film
changes from (1) relatively smooth, to (2) slightly rough, to (3)
increasingly rough. These changes were releted to the decreased cool-
ing effectlveness wilth increased coolant flow with film éooling. Ref-
erences 7 end 8 report related investlgations of co-current liquid-ges
flow; the relative flow rates investigeted were not in the range
encountered in fllm-coollng epplications.

Most of the data reported in reference 5 were obtalned wilth & tube
in which the cooling film was partly disturbed by instrumentation and
the inner surface did not hate & smooth finish. Dabte were also obtelned
with a smooth-surface tube In which the £ilm was not disturbed by
instrumentetlion, and it appeared that correlation similar to that with
the rough-surface tube but with grester cooling effectiveness was
obtained. The data obtelned with this tube, however, were insufficient
to check the correlation. The data were cbtained with only 4-inch-
dlameter tubes.

The Investigetion of liquid-film cooling in strailght tubes with hot-

alr flows was continued at the Lewls laboratory in order to: (1) check
the heat-transfer correlation presented in reference 5 with additionsl
data in 2- and 4-inch-diameter tubes, (2} determine if cooling-film
disturbances which resulted in reduced cooling effectlveness in 4-inch-
dlameter tubes have the same effect in & smaller tube and if their
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occurrence can be predicted by a method developed 1n reference 6, and
(3) generalize the film-cooling date by means of heet-trensfer corre-
lation end datae cbteined over a renge of coolant flows.

The generellzatlion of all the film-cooling date obtained with smooth-
surfece tubes 1s intended to facilitate the estimatlon over a wide range
of conditlons of the flow of coolant required to film cool a tube for
&8 desired distence when the temperature and flow of the hot gas are known.

The experlments were conducted in 2- and 4-inch-diameter tubes hav-
ing honed inner surfaces with hot-air flows at temperatures from 800°
to 2000° F and Reynolds numbers from 220,000 to 1,100,000. The film
coolent was water injected at & single axlal poslition on the tube st
flow rates from 0.02 to 0.24 pound per second per foot of tube clrcum-
ference (0.8 to 12 percent of the ailr flow). The length of tube cooled
by the water was determined by means of thermocouples on the tube ouber

, Burfeace.

SYMBOLS

The followling symbols are used in this report:

Ay cross-sectional area of film-cooled tube (sq £t)
proportlonality comstant

Cp average specific heat at constant pressure (Btw/(1b)(°F))

D inside diameter of film-cooled tube gft)

e} mess velocity (1b/(sec)(sq £t})

H, heat of vaporizetion of coolant (Btu/lb)

AH change in enthelpy of liquld coolant from entering condition

through veporization (Btu/1b)

h hest-transfer coefficient (Btu/(sec)(sq £t)(°F))

k thermal conductivity (Btu/(sec)(sq £t)(°F/£t))

L liquid-cooled length (f£t)

Pr Prendtl number, Gpp./ k
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Re Reynolds number, DG/u

gt Stenton number, h/C,G

Ty B tion temperature of gas stream entering film-cooled tube
g, Cry . "

Tg,z stagnation temperature of gas-coolant vapor mixture (°F)

Tg,q Sritimetic mean of Ty o and Ty » (°F)
Ty tempersture of coolant before injection (°F)
T, ‘temperature of liquid-coolant surfaece (assumed at saturation tem-

perature) (°F
W flow rate (1b/sec)
m viscosity (1b/(sec)(ft))
Subscripts:
8 gas stream
c liquid coolant
v coolent vapor

APPARATUS
Flow SBystem

The flow system (fig. 1) is the seme as that used in reference 5
except for the test sections. It consistes essentially of three parts:
El; source of hot air at & uniform temperature, (2) test sections, end
3) expansion and exhsust system. The hot-alr source consisted of the
elr supply at a pressure of 40 pounds per squere inch gege, a surge
chamber, a Jet-engine combustor, a mixing section wilth orifice-~ and
target-mixing baffles, and a calming chamber 12 inches in dlemetex.
Test sections of 2- end 4-inch diemeters were used. They consisted of
an Inconel approach section 40 inches long, & coolant injector, and a
film-cooled tube made of Inconel with a 1/8-Inch wall, 48 inches long.
The exhaust section contalned a series of weter sprays to quench hot
air; this section was comnected to the laboratory exhaust system. An
expansion bellows installed downstream of the exhaust-quenching sprays
allowed for expansion of the apparatus when using the 4-lnch-diameter

06%2 .
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test section; the 2-inch-diemeter filim-cooled tube flitted into a packed
housing to allow for expansion of the epparetus. The assembly was sup-
ported et the surge chanber, by roller stends located upstream end
downstreem of the test section, and by a ring stand at the liquid
injector.

Coolant-Injection System

The coolant-injection system was also the game as that described In
reference 5. It consisted of a supply reservolr, fillters, a positive-
displacement pump, edjustable pressure reguleators (which controlled
flow), rotemeters, and coolant injectors.

The two coolent injectors (fig. 2} were those described in refer-
ence 6; they were of similer construction. Bach consisted of a metel
ring with slots milled into the immer surface sbout the clrcumference.
The 2- and 4-inch-dlemeter coolant injectors hed 60 and S0 slots,
respectively. Holes 0.013 Inch In dlemeter were drilled through the
ring into each of the slots. A housing, which provided a supply annulus
for the coolent, fitted over the ring. The coolent supplied to the
ennulus flowed through the amell holes lnto the slots and then through
the porous-cloth liner omto the surface. The small holes metered the
flow into each slot, thus providing & uniform distribution of the flow
gbout the clrcumference. The slots spread the coolant flow over a
large area; thereby reducing the flow velocity. As the liner was very
porous, 1t did not restrict the flow but provided e surface onto which
the coolent flowed &t low veloclity. The air flow over the surface of
the Injector carrled the coolent downstreem slong the inner surface of
the fllm-cooled tube.

Fi1lm-Cooled Tubes

Two fllm-cooled tubes were used for the experiments, one 2-inch
end the other 4-inch inside dlameter. Both tubes were 1/8-inch-wall
Inconel tubes, 48 inches long. The 4-inch tube was insuleted with
3 Inches of high-temperature Flberglass insulatlion. The 2-inch tube was
not insulsted because of difficulty in assembly; the estlimated heat loss
from the tube was not large enough to affect the fllm-cooling results.
The 4-inch-dlameter tube wms the smooth-surfece tube described in ref-
erence 5; it was a sesmless tube honed to obtain & smooth insilde surface.
The Z-inch-dlemeter tube was finished in the same menner.

Instrumentetion

Fiow rate. - Alr flows were measured within 2 percent by measns of an
orifice conforming to standard A.S.T.M. speciflcations and a differential
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water menometer. Coolant flows were measﬁred. within 1 to 4 percent by
means of rotameters.

Pressure. - Static pressure in the alr stream wes measured in the
epproach section 3 inches upstresm of the coolant injector by means of
e mercury menometer. The measurements were useful In determining
approximate air densities and velocities and boiling tempersture of the
f£ilm coolant.

Temperature. - Alr temperatures were messured by meens of chromel-
alumel thermocouples and a self-balancing potentiometer. Rakes con-
taining 20 thermocouplee were loceted in the calming sectlon, and a reke
conteining four thermocouples for the 4-inch test sectlon -and one thermo-
couple for the 2-inch test section wes placed in the approach section
3 inches upstream of the coolent injector. The estimated accuracy of
alr-tempersture measurements varied from 120 F et 800° F to +25° F at
2000° ¥. These values were determined from & considerstion of instru-
ment accuracy, wire calibration, radistion and conduction heat losses,
and fluctuations of the air-streem tempersture during runs. The
recovery factor for the thermocouples loceted in the approach section was
found to be in the order of 0.9 (reference 5). Because the recovery
factor was high, the total temperatures as measured by thermocouples
in the approach sectlon were used; the dlfferences between the tempera-
tures used and the temperatures obtalned by correcting on the basis of
recovery factor were less than 1 percent. Wall temperatures on the
film-cooled tube were measured by meens of chromel-alumel thermocouples
and e recording potentiometer. The thermocouples, which were welded
to the outer surface of the tube, were spaced along the length of the
tube at elght positions around the circumference of the 4-inch tube
(table I) and four positions around the circumference of the 2-inch
tube (table II). Wall temperatures were measured by these thermocouples
within #10° F.

PROCEDURE --
Opersating Conditions

The operating procedure consisted in setting coolant flow, air flow,
and alr temperature at desired vealues, allowlng sufficlent time for con-
dltions to stabilize, and recording the date. Because the combustion
gases resulting from the burning of gasoline to heat the alr 4id not
emount to more then e few percentage of the ailr flow, negliglble exrror
was lntroduced by using the physical properties of alr for the total
gas flow. The operating conditlons covered the following ranges:
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Alr temperature?, 800-2000
Mr £low, 1bfBec « ¢ ¢ ¢ v ¢ v v o i b e e e e e e e e e 0.89-6.5
Coolent £low, 1b/B€C = « « + o ¢ « ¢ ¢ o s o« o o o o« o = « o 0.01-0.21
Coolent-flow rete/air-flow rate, percent . . e e e 0.8-12
Coolent flow per circumferentiel length, l'b/(sec)(ft). « .. 0.02-0.24

&n approach section 3 1n. upstream of coolant InJector.

These conditions glve the followling values in the approach section

3 inches upstresm of the coolant Injector. Values of speclfic heat for
alr were obtalned from reference 9 and values of thermel conductivity
and viscosity for alr were obtalned from reference 10:

Reynolds number. . . 220,000-1,100,000

Mach number. . . 0.5-0.7
Prandtl number . « « « « + « & 0.63-0.70
Air mass velocity, 1b/(sec)(sq f’b) e e e e e e e e 39.4-81.7
Alr veloclby, ft/8ec « « v ¢ ¢ ¢ 4 4 e i e 0w e . 1000-1700

Liquid-Cooled Length

Cooling effectiveness wes determined by plotting the wall tempera-
tures of the film-cooled tube as a function of dlstance from the point
of coolent injection. A typical plot from a run with the 2-inch tube
is shown 1n figure 3. The tube-waell tempersature remasins below the boil-
ing temperature of the coolent (water) for approximetely 16.5 inches
downstream of coolent injection, rises to the bolling tempersture, and
then rises rapldly, epproeching & value near the stagnetion temperature
of the ges coolant-vepor mixture. The liquild-cooled length I (fig. 3)
1s determlined from an average of the distances for which the wall
remained below the bolling temperature of the codlent at the four cir-
cumferentlal positions. Simllar plots are obtalned for the 4-inch tube
(shown in reference S5}, and the liquid-cooled length is determined from
an average of the elght circumPerentiel posltions. For the 4-inch tube,
the agreement of the liquid-cooled length for the elght clrcumferential
positions was within about 10 to 15 percent; at very low coalent flows
greater varlation occurred. For the 2-Inch tube, even distribution of
the coolant was more dlfficult to achleve; agreement of liquid-cooled
lengths for the different poslitions was generally within about 25 per-
cent, but In meny cases one of the four posltions would differ from the
others by as much as 40 percent.

One resson for the spread of the date on the 2-inch tube was the
relative effect of gravity, which tends to decrease the proportionate
film thickness in the upper portlions of the horlzontal tube, thus
resulting in shorter ligquid-cooled lengths there. Thls effect wes not
noticeable: for most of the experiments with the 4-Inch tube and was
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slight for the other experiments. The effect of gravity in the 2-inch
tube was notlcesble in all the experiments, but the magnitude of the
gravity effect could not be determined accurately for most of the
experiments because consistent even distribution of the coolant into the
tube was not obtailned. The effect, however, resulted in the liquid-
cooled lengths in the upper portion of the tube belng from 5 to 20 per-
gent shorter than those in the lower portion. For the run plotted in
figure 3, the liguid-cooled lengths in the upper positions were about
15 percent shorter than those in the lower positions of the tube. No
trends in the magnitude of the gravity effect were noticeable with the
different gas snd coolant flowes investlgated. Gravity effects were of
insufficient magnitude to affect the trends observed in £1lm cooling.

Carbon Deposition on Fllm-Cooled Tube

Each time & run wes made cerbon was deposlted around the inner sur-
face of the tube immediately downstreem of where lliquld coolant ceased
for a distance of about 1/2 inch. Carbon did not form on the surface
covered by the liqulid film nor further downstream where the surface
became hotter. These deposits will disrupt a liquld film and ‘thereby
reduce cooling effectiveness; the rate of carbon deposition and the
resulting effect were consldersbly grester in the 2-inch tube than in
the 4-inch tube. For these reasons 8ll the experiments in the 2-inch
tube were made with the liquid~cooled length for each succeeding run
less than on the previous run so that the deposits could not disrupt
the film. After each period of rumning, 1t was necessary to remove
and clean the tube of carbon deposits before further running at long
liquid~cooled lengths could be made. Most of the experiments in the
4-inch tube were also made using this procedure; for the other experl-
ments the carbon deposition was not great emough to reduce liquid-
cooled lengths more than a few percent. —

Reproducibility of Results

Considerstion of 12 different runs with the 4-inch tube showed
that reproducibility of liquid-cooled length at the same experimental
conditions was within S5 percent; reproducibliity with the 2-inch tube
was wlthin 5 percent for six rums, but veriations of 15 percent were
obtained with three others. Measurements of liquid-cooled length wlth
the same experimentel condltions to determine reproducibility could not
be made without disassembly and cleaning of the film-cooled tube because
of carbon deposits on the surface, vwhich reduced cooling effectlveness.
The reason for the large verietlons during some of the runs with the
2-inch tube is not kmown, but it 1s belleved to be due to slight changes
in alinement between the coolant injector and tube when reassembly weas
made, which in some cases would reduce cooling effectiveness.
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RESULTS AND DISCUSSION
Effect of Coolant Flow per Circumferential Length
on Liquid-Cooled Length

Liquid-cooled length in the 4-inch tube 1s plotted as a function of
coolant flow per circumferential length in figure 4(a) for different con-
stent gas-stream conditions. Data are shown from reference 5 at three
different gas temperatures with approximately the same gas flow; elso
shown ere additionsl data at different gas flows with the same gas tem-
perature. For each of the different gas-streem condltlons, the relation
between liquid-cooled length and coolant flow per unit circumferential
length is nonlinear and shows the. same trends. The cooling effective-
ness of a glven amount of coolant 1s greatest at the low coolant f£lows,
decreases appreclably in the range of coolant flow between 0.05 and
0.08 pound per second per foot, and does not change greatly at the
higher flows.

Liquid-cooled length in the 2-inch tube 1s plotted as a function of
coolant flow per circumferential length in figure 4(b) for different
constant gas-stream conditions; data in the 4-Inch smooth-surface tube
from figure 4(a) are reproduced for comparlison. Each of the curves shows
the same trends, end the lerge decrease In cooling effectlveness occurs
in the same region of coolant flow per circumferentlal length.

The decreese in cooling effectiveness encountered 1n film coollng
was relaeted to disturbances of the liquid-coolant f£ilm (reference 6),
and snelysls of the flow system gave an explanstion for the formetion
of these disturbances. Conditions for the formetlion of f£ilm distur-
bances were found to be dependent chlefly on the liquid flow per cir-
cumferential length of tube and liquid viscosity; these were expressed
by a flow-rate parameter W,/mDy,.

Values of the flow-rate parameter, determined for coolant flows
representing medlans over which merked changes in cooling effective-
ness occur for the curves of figure 4, vary between 265 and 450.

Correlation of Heat Transfer from Hot Gas to Liquid Film
for Constant Coolant Flow per Circumferential Length

Heat-transfer correletion wes made in the manner described In ref-
erence 5, except that the gas temperatures used were an arithmetlc
mean between the elr temperature at the tube entrance and the air-
coolant-vapor equillbrium tempersture instead of entrance-air tempera-
tures. Differences between entrance-alr temperatures and average tem-
peratures in the film-cooled tube were not large for the experiments
of reference 5, which were all conducted In a 4-Iinch tube. At the
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gas—-coolant flow ratios for the experiments in the 2-inch tube, the 4if-
ferences were consldergbly greater and the necessity for using a mean
gas temperature for the correlation was evident. Heet-trensfer coef~
ficlients between the hot-ges stream and the liquld-cooling film were
calculated as follows:

b= Wc[%,ccr"s'T:L) + H-v:l (1)
(Tg,q-Tg) (L)
wWhere
Ty, q = Skl (2)

and Tg,z 18 calculated from the followlng heat balance:

wg[cp,g(mg’l-mg,zﬂ = WC[EV + cp,c(i's-mi) + Cp,v(Tg,z-Ts)] (3)

The correlation .reported in reference 5 was obtained with a 4-inch
tube in which the cooling film was pertly disturbed by instrumentation
and the lnner surface did not have a smooth finish. The approximate
relation obtalned at three different coolent flows was

0.07
?g 5~ (Re)
Pr ™

(4)

The Prandtl number exponent of -0.6 was assumed from conventional heat-
transfer correlatlons because the Prandtl number did not vary appreciably
for the runs.

Figure 5 shows log-log plots of Stenton number divided by Prandtl
nunber ralsed to the -0.6 power against Reynolds number f£or results
obtained in 2- end 4-inch smooth-surface tubes (the immer surfaces of
‘these tubes were honed). The results shown include data obtained with
the following conditions at the tube entrance: Alr-streem temperatures
from 800° to 2000° F, mass velocities of the eir stream from 39.4 to
81.7 pounds per second per square foot, and Reynolds numbers from
220,000 to 1,100,000. Figure S5(a) shows date obtalned st & coolant flow
of 0.116 pound per second per foot of tube circumference in both 2- and
4-inch-diameter tubes. Data obtained in a 4-inch rough-surface tube
(reference 5) are shown for comperison; the deta were recalculated from
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aversge gas-stream temperatures in the film-cooled tube in plece of
entrance-alr temperatures. The relation obtalned with the smooth-
surface tubes 1is gpproximately the same as that for the rough-surface
tube (slopes were about 0.05 to 0.07), but heat-transfer coefficients
are gbout 20 percent less wlth the smooth-surfece tubes. A comparlson
of dete obtained at two different coolant flows in the 2-inch smooth-
surface tube 1s shown In figure 5(‘b) . The relation sppears to be the
seme with each of the coolant flows (spproximately 0.07) and heat-
transfer coefflclents are higher at the high coolant flow; these trends
are the same as obtained wilth the 4-inch rough-surface tube.

Data scetter for these correlations is in the same order of megni-
tude as reproducibility of liquld-cooled length with constent test con-
ditions. The greetest emount of scatter occurred between different
periods of running and was probaebly caused by the effect of resssembly
of the coolant injector after cleaning of the fllm-cooled tube as des-
cribed previously in PROCEDURE.

Generalized Plot of Film-Cooling Dete Based on Heat-Transfer
Correlation at Constant Coolant Flow per
Clrcumferential Length

A generallzed plot of fllm-cooling date which waes based on the hest-
transfer correlation and date obtalned st different coolant flows was
presented in reference 5. Coolant flow was plotted sgalinst terms which
Included ges-stream and coolant variebles, tube dimension, and £1ilm-
cooled erea. Investigation has shown (reference 6) that heat-transfer
coefficlents change with coolant flow per circumferentlial length of
tube because of the occurrence of coolant-fllm disturbances; a gener-
allized plot wlth coolant flow per circumferentiael length has therefore
been mede.

The equetion for the heat-transfer correlstion with the smooth-
surfece tubes (fig. 5(a)) is

.6

s (% 0.05 -0 "
Cp,e% Pg kg

where the proportlonallity constant a veries wlth coolant flow per cir-
cumferentlel length. Substltuting the equation for heat-transfer coef-
ficlent (equation (1)) in equation (5) end rearranging yileld:
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This relation is plotted in figure 6 for all data obtained with
smooth-surfece tubes; coolant flow per clrcumferential length of tube
1s plotted against liquid-cocled length and gas end coolant variebles.
The curve shows the same trends as the curves of figure 4; cooling
effectiveness per flow of coolant decreases appreciably in the range of
water flow between 0.05 and 0.08 pound per second per foot. Because
wave-like disturbances occur on a llgquid-cooling film when the coolant
flow per circumferential length of tube exceeds a certain value and the
result 1s a decrease in film-cooled area per unit flow of coolant, it
may be desireble in meny practical spplications to limit the coolant
flow introduced at any one axlal position and to introduce it at several

axiel positions over the aree to be cocled in order to achieve the
desired cooling with as little coolant flow as possible.

Figure 6 18 convenlent for determining the water flow required to
maintain liquid-film cooling for a desired distence :Ln a straight tube
with fully developed turbulent hot-gas flows to 2000° P entering the
tube. TFigure 6 is also useful to estimate film-coolant requirements
for conditions which have not been investigeted experimentelly and to
act as a guide for correlating data obtained from actual applications.

Further research is required to determine if gas temperatures
greater than 2000° F will alter results as predicted from figure 6
besldes the effect of lncreasing heat transfer due to radiation. Cool-
ant requirements obtalned from figure 6 account for the heat trans-
ferred from the hot gas to the liquid f£ilm by forced convectlon alone
end not by radietion to the liquid film or to the tube wall; additionsl
coolant 1s requlred where the heat trensferred by radlation 1s appreciable.
If the smount of heat transferred to the tube wall by radiation were
large enough to result in a wmll temperature conslderably above the
saturgtion tempersture of ‘the coolant, 1t is possible that additionsal
coolant would be lost because of disturbance of the liquld film caused
by the formatlon of vapor bubbles under the film.

Results predicted from figure 6, when coolants having viscositles
and surface tensions considerebly different from those of water are used,
are doubtful because of the effect of these properties on the flow con-~
ditions of the liquid film. Investigations described in reference 6 show
thet the changing flow conditions of the liquid film with increased val-
ues of liquid flow per tube circumferential length (evidenced by the
occurrence of turbulent or disturbed flow) result in the verietion in
cooling effectiveness with increased coolant flow, which can be seen in
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flgure 6. The Iinvestigation also showed that the values of coolant
Tlow per circumferential length at which disturbed flow begins and the

neture of the disturbed flow differ with the viscosity and surface ten-
sion of the liquid. Little is known of the extent to which changes in
these propertles can affect the film-cooling results, but experiments
described in reference 5 indicete that for relatively small changes 1t
is not extreme; no apprecisble effect on the results was found when
ethylene glycol was used as the coolant, end it bad a viscosity about

2— times that of water at liquid-film temperatures and a lower surface

tens ion.

Ges-flow conditions with many spplications of film cooling are
conslderebly different then those of the experiments reported herein,
end lerge differences between the £ilm cooling obtalned in such cases
and that obteined in the experiments are possible. For example, in a

‘rocket engine combustion chamber the effects of the combustion process

and the short length of the chamber will not allow conditlons approxi-
mating fully developed turbulent velocity and tempersture distributions
as wlth the experiments.

Other conditions that are met in practicel epplications of f£ilm
cooling and which need experimental investigatlion are the use of film
coolants which will burn in the gas stream and chenging contour of the
flow duct.

An example 1s glven in the eppendix to illustrate the use of fig-
ure 6 for determining film-coolant requirements for convective heat
transfer. The relation plotted i1s represented quite well by the fol-
lowving empirical equation which may be used for convenlence in place
of fligure 6:

0.0013
=
(T) - 0.007
where
Wc
X = —= (ebscisse of fig. 6)
and

(T, o-T.) 0.05 -0.6
Y = (L) (Gg)[cP:S Ag,a 5] (Re)s (IE’r)g (gig:t.ng')te of
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In general, because a film coolant must be carried es added welght
in flight, the application of internal-film cooling in flight-~propulsion
engines appears limited to conditions where propulsive energy ls derived
from the film coolent in addition to its cooling function and to condi-
tions of high heet release where more conventionsl cooling methods are
inadequate. The use of f£ilm cooling in some rocket englnes is an
example in which these conditions apply.

SUMMARY OF RESULTS

An investigation of liquid-film cooling was conducted in 2~ and
4-inch-diemeter straight tubes having honed inner surfaces with alr
flows at temperatures from 800° to 2000° F end diameter Reynolds num-
‘bers from 220,000 to 1,100,000, The film coolent was water which wes
injected at a single axial position on the tube at flow retes from
0.02 to 0.24 pound per second per foot of tube circumference (0.8 to
12 percent of the alr flow). Cooling effectiveness was determined by
mesns of wall-temperature measurements. The results of the experi-
ments are summarized as follows:

l. Correlstion was obtained for heat transfer from the hot elr to
the liquid~cooling film with 2- and 4-inch-diameter smooth-surface
tubes and was the same as was found in & previous investigation with
8 4-inch-diameter rough-surface tube; heat-transfer coefficients were
about 20 percent lower with the smooth-surface tubes than with the
rough-surface tube. '

2. Effectiveness of the coolant was degcreased by coolant-f£llm
dlsturbances in & 2-inch-diameter tube as was found in a previous
investigation in a 4-inch-dismeter tube; the spproximete coolant flow
above whlch reduced cooling effectiveness resulted was predicted by a
method developed in a previous investlgation.

3. A1l film-cooling dabta obtalned with smooth-surface tubes were
generalized by means of heat-transfer correlation and date obtained
over a range of coolant flows; this generalization of data facillitates
the estimation of the quantity of coolant required to f£ilm cool a
tube for a desired length, over a wlde range of conditions, when the

temperature and flow of the hot gas are known.

Netional Advisory Committee for Aeronautics
Lewls Flight Propulsion Laborabory
Cleveland, Ohlo

2490
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APPENDIX - EXAMPTE OF USE OF FIGURE 6 TO DETERMINE
. FIIM-COOLANT REQULREMENTS

It 1s desired to debtermine the coolant flow required to £1lm cool
a 4-inch-diemeter tube with weter supplied st 100° F for a distaence of
1 foot with alr :E'lcw:Lng through the tube et 3 pounds per second and
entering at 2000° F and with the pressure in the tube at 300 pounds
per square Inch sbsolute. Propertles for ailr were obtalned from ref-
erences 9 and 10, and properties for water and wabter vapor were obtailned
from reference 11.

Because the aversge temperature T cannot be calculsted (eq_ua.-
tions (2) end (3)) without knowing the £251ant flow, a first epproxi-
matlon of the coolant flow is mede from flgure 6 by calculating the
ordinaete of figure 6 wlth the alr temperasture at the entrance of the
tube Tg,1, which in this case is 2000° F, in place of Ty and
wlith the physical properties of air at that tempersture. The ordl-
nate Y of figure 6 is then calculated from the following:

L. =1.0 £t
Wg 3
Gg = & = 570575 34.4 1b/(sec)(sq £t)

Cp,g = 0.283 Btu/(1b)(°F)

o
Tg’l-TB-ZOOO-ﬂ7=1583 F

AB = Gy (Tg-Ty) + Hy = 1.01(417-100) + 809 = 1129 Btu/1b

pa \0.05 0.05
0 (28 - () e

Bg 33354 .5X10-

-0.6 -0.6
(Pr)g = (0.627) = 1.33

0.283 (1583)
1129

Y = (1.0}(34.4) (1.89)(1.33) = 34.3

From figure 6, Wo/#D = 0.057 pound per second per foot and
We = 0.057xx/3 = 0.059.
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From equation (3) and with the use of this coolant flow '.'I.‘g o is

calculated. Successlve approximations are sometimes necessary 'because
specific-heat values are averages for the temperature gradlents. For
the first approximation, the value for Cp g 1s taken at TS 1 and

the value for cpv istakena‘bana.verage'betwee.n Tgl a.né. Ty:

WEE;P:S(TS:]--—TB:ZH = Wc [EV + CP:C(TS-Ti) + CP:VCTg:a-TB)]
3 [o.zss(zooo-mg, Zil = 0.059 E:os +1.0L(417-100) + O.55(Ts,2-4.-l7i|

T = 1868° F _ . .

8,2

Further determinations will not sppreclebly affect the value of
Tg,z in this case because the changes iIn specific heats are small.

Tg,q 18 then calculated from equation (2)

2000 + 1868

_ <4 ©
g,8 = > = 1934" F

T

The ordinate of flgure 6 1s then celculated using this velue for
average gas temperature Tg g &nd using 'bhe physicel properties of

air at this temperature

Y = (1.0)(34.4) (91'38—2-(—151—7)-)(1.89)(1.35) = 32.8

1129

From figure 6, W, /#D = 0.054¢ pound per second per foot end

Wo = 0.054xx/3 = 0.057 pound per second. Further calculations do nob
improve the determination appreciably; so a coolant flow of 0.057 pound
per second is the requirement.
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TABIE I - LOCATION OF THERMOCOUPLES ON 4-INCH-DIAMETER

FIIM-COOLED TUBE

- | - - Center line of tube

End view of tube in upstream directlion
showing circumferential positions

of thermocouples

Iocation of thermocouples - distance downstream

Clrcumferential
position of coolant 1lnJjection
(1n.)

1 83 to 25,29,33,37,41,45

2 5,9, 15,17 21,25,29,45

3 5,9,15,17,21,25,29,33,37,41,45
4 5,9,13,17,21,25,29,45

5 5,9,13,17,21,25,29,33,37,41,45
6 5,9,13,17,21,25,29,45

7 5,9,13,17,21,25,29,33,37,41,45
8 5,9,13,17,21,25,29,45

A

a"JI‘he:rmocouples located at l-in. intervals in this range.

»
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TABIE II - LOCATION OF THERMOCOUPLES ON 2-INCH-DIAMETER

2490

FIIM-COOIED TUBE

4 450 1
i
- 0° Horizontael center line of tube
3 : 2

. End view of tube in downstream directlon
showing clrcumferential positions

of thermocouples

Circumferential | Iocation of thermocouples - distance downstream
position of coolant injection
(in.)
1 3, 5 to 428
2 5, 9 to 41P
5 5, 9 to 41°
4 5, 9 to 41P

AN/ 1Y

@Thermocouples located at l-in. intervals in this range.
a bThemocouples located at 2-in. intervals in this range.
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Iiquid-cooled length, ft

l.sﬂ 7

p!
A
\\

A

perature veloclty number

/
/

1.2l ” /f’j{ // //4 Gas tem~ Gas mass Reynolds
/|

& | /77 O (i)
I, yali Vil seciisd
1 / o 900 57.9  8.18x10°
o 900 0.2 9.80
ol = 717 ——_— — 900 2.5  6.00
7 A N 1400 45.3 s.zs} g
/ — 1800 5.6 4.7
R
‘ ) S | I
~%os .05 .07 .09 1L .15 .17

.13
Coolant flow per circumferentisl length, 1b/(sec)(ft)
(a) 4-inch-diameter smooth-surfece tube.

Figure 4. . Variation of liquid-cooled length with coolant flow per circumferentisl length.
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Filgure 5. -~ Correlation of heat trensfer from hot gas to liquid film at constant coolsnt flow per

clromferential length. Oas temperstures, 800° to 2000° ¥; gas wess velocitdes, 39.4 to 81.7 peunds
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(b) 2-inch-diemeter smooth-surface tube.

Figure 5. - Concluded. Correlation of heat transfer from hot gas to
liquid fiim at constant coolant flow per clrcumferential length. Gas
temperatures, 800° to 2000° ¥; gas mass velocities, 39.4 to 81.7 pounds
per second per square foot.
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